A relatively important change in UV absorption is observed upon thermal perturbation of nucleotide solutions. Comparison of these thermal perturbation spectra of nucleic acid residues with solvent perturbation spectra of the same compounds suggests that this spectral change can most probably be attributed to temperature induced hydration change of the bases. This conclusion is confirmed by the results obtained from acid-base perturbation spectra of these nucleotides as well as thermal perturbation spectra of nucleotides containing modified bases.
INTRODUCTION
In the past few years, the development of high resolution thermal transition spectroscopy has proven to be a powerful tool for studying the local structure of DNA (1) (2) (3) (4) (5) (6) (7) (8) . Its recent application to tRNA (9, 10) showed that even small nucleic acids exhibited a multiphasic melting profile. The thermodynamic implications of these observations have already been discussed (9) (10) (11) . However, the problem of identifying the melting elements responsible for these sharp transitions remained unsolved : the analysis of the dispersion effect as described in the literature (12) (13) (14) (15) (16) (17) (18) (19) (20) cannot be applied to individual transitions, since these transitions involve a limited number of structural elements and nearest neighbour effects cannot be neglected.
To gain further insight into the optical phenomena accompanying thermal transitions of nucleic acids, we undertook a systematic study of the thermal difference spectra of several compounds.
This first paper outlines the temperature effect on the change of hydration of nucleic acid bases and the contribution of this change to the difference spectra. Forthcoming publications will be devoted to the studies of the influence of unstacking of the bases, of the chain length, and of the breaking of base-pairing hydrogen bonds.
MATERIALS
All compounds were obtained commercially and were used without further purification unless specified, from Sigma Chemical Co. (St-Louis) : Adenine, Uracil, Guanine, Cytosine, Adenosine, Uridine, Guanosine, Cytidine, Adenosine 5'-phosphate (5'AMP), Uridine 5'-phosphate (5'UMP), Cytidine 5"-phosphate (5'CMP), , N -methyladenosine, N -dimethyladenine, N -methylguanine, N -dimethylguanosine, 3-methylcytosine ; from PL Biochemicals (Milwaukee) : Adenosine 3'-phosphate (3'AMP), Uridine 3'-phosphate (3'UMP), Cytidine 3'-phosphate (3'CMP), Guanosine 3'-phosphate (3'GMP), Uridylyl-(3'-5')-uridine (UpU), Guanylyl-(3'-5')-guanosine (GpG), Cytidylyl-(3'-5')-cytidine (CpC) ; from Miles (Indiana) : Adenylyl-(3'-5')-adenosine (ApA).
Dioxane was from Merck (UVASOL GRADE) and was dried on molecular sieve before use.
METHODS
Thermal difference spectra were measured in 1 cm thermostated quartz cuvettes fitted with teflon stoppers, and set in individually thermostated cell holders. Temperature was measured by means of a platinum probe inserted into the stoppers.
Difference spectra were obtained either on a Zeiss DMR 10 or a Cary 118 C spectrophotcaneter in the absorbance scale 0 to 0.1.
The two cuvettes were filled with a solution made up to give a maximum absorbance of 1 at 25°C. Typically, the reference cuvette was maintained at 3°C while the temperature of the sample cuvette was varied from 3 to 90°C. A difference spectrum was recorded at 10°C intervals between 200 and 330 nm, scanning at 2 nm/sec. At low temperature, dry air was flushed through the cell compartment to prevent condensation. Concentrations of the solutions were determined by O.V. absorption, using the values for extinction coefficients published in the Handbook of Biochemistry (21). All difference spectra were digitalized every 2 nm between 310 and 220 nm. Subsequent calculations, including correction for thermal expansion of water, were carried out on a 1110 Univac Computer.
Except otherwise stated, all experiments were performed in 0.02 M potassium phosphate buffer, pH 7.2.
Solvent perturbation and acid-base perturbation difference spectra
These experiments were performed in perfectly matched and well stoppered two compartment-cuvettes with a 1 cm total optical pathway. 1 ml solution of absorbance 2 was introduced into the front compartment of both cuvettes. The back compartment was filled with an equal volume of the perturbant (Dioxane, appropriate amount of hydrochloric acid or sodium hydroxyde). After recording the base line, the reference cuvette was shaked in order to mix the content of its two compartments. The perturbation spectrum was then recorded.
RESULTS AND DISCUSSION
Thermal perturbation difference spectra of mononucleotides and dinucleoside monophosphates Fig. 1 shows the thermal perturbation difference spectra of 5'AMP, 5'UMP, 5'CMP, 5'GMP. It should be noted that the U.V. absorbance of mononucleotides is not temperature independent as was stated previously in the literature (e.g. 22-24). fig. 2 are shown the experimental thermal perturbation difference spectra of the homodinucleoside phosphates ApA, UpU, CpC and GpG. It is noteworthy that the shape of these difference spectra changes with temperature. Furthermore one can note either the absence of the drifting of isosbestic points. This suggests that more than one phenomenon is observed during the thermal denaturation. The two-state approximation, often applied to the analysis of optical melting curves of di-and oligonucleotides (22, (24) (25) (26) 1S69 not applicable here.
Once the contribution of the monomer thermal perturbation difference spectra is substracted from the dimer spectra, a new set of affine difference spectra is obtained ( fig. 3 ) with neat isosbestic points. These difference spectra are apparently homothetic (i.e. each spectrum is related to any other by a constant factor). The observed increase in optical density in those corrected difference spectra is correlated with the hyperchromic phenomenon due to the unstacking of the bases, a subject of the following paper.
The thermal effect on the difference spectra of the monomers is the focal interest of this paper. Our postulate is that this effect may be due to the change of hydration of nucleic acid bases as a function of temperature. The spectral properties of chromophores can be perturbed by the interaction with solvent in two distinct ways. It can either directly affect the energy and intensity of the electronic transitions of the chromophores or shift the chemical equilibrium between tautoraeric species in solution.
Interaction of nucleic acid bases with water proceeds mainly through dipole -dipole interaction (27) . Therefore, the preferential stabilization of either the ground state or the excited state depends mainly on whether the dipole moment of the nucleic acid residue decreases or increases upon excitation. If the dipole moment decreases, the ground state will be preferentially stabilized by interaction with water. The transition energy will thus be increased, leading to a hypsochromic shift of the absorption maximum ( fig. 4A ). The opposite effect will of course be observed, if the dipole moment increases upon excitation ( fig. 4B) (27, 28) . Moreover, water can perturb the interaction of the non bonding electrons of nitrogen and oxygen atoms with the IT electron system. These processes can lead to a modification of the intensity of the transition (29,30).
On the other hand, the ground state of nucleic acid bases can be altered by interaction with water through several processes. For example, this can be due to a shift in acidbase equilibrium, in tautomeric equilibrium or in association dissociation equilibrium. In most cases, this last possibility can be ignored, since our experiments were performed in di--4 lute solution (i 1 x 10 M) and nucleosides and nucleotides, even guanosine, are known not to aggregate in such conditions. investigated. If the observed thermal perturbation difference spectra of nucleosides and nucleotides were due to a decrease of hydration of the bases, comparison with solvent perturbation spectra and acid-base perturbation spectra should give useful information. In addition, thermal perturbation spectra of several nucleic acid bases or nucleosides, carrying modifications capable of blocking or hindering tautomerism should provide some answer to the question of tautomeric contributions.
Solvent perturbation difference Bpectra
In order to study experimentally the influence of water perturbation on electronic transitions of the nucleic acid bases, these bases should first be dissolved in a nonaqueous, non-polar and non-interacting solvent which is transparent in the U.V. region and miscible with water. The most satisfactory solvent in these respects is dioxane. Although it is a poor solvent for nucleotides, it is an adequate one for nucleosides. It displays a very weak absorbancy in the near U.V. region (around 250 nm). Since it is a weak hydrogen bond acceptor, its spectrum is slightly red shifted upon mixing with water. This fact must be taken into account in the base line correction and in the interpretation of the perturbation spectra.
When a small amount of aqueous buffer is introduced into the dioxane solution of nucleosides, water molecules tend to cluster and orient themselves around the nucleosides. In our experiments, the nucleosides in pure dioxane solution were perturbed by mixing with 0.5% aqueous 0.02 M Potassium phosphate buffer pH 7.2 in the reference cuvette.
The solvent perturbation difference spectra of adenosine, uridine and cytidine ( fig. 5 ) are indeed very similar to the thermal perturbation difference spectra of the corresponding nucleotides ( fig. 1 ). Some discrepancies appear however in the high wavelength region. Dioxane is a potential hydrogen bond acceptor and has a higher London dispersion energy of interaction with nucleic acid residues than water (31). One may postulate that the spectral discrepancies arise from the interaction of dioxane with the bases. This interpretation is corroborated by isooctane perturbation spectra of the dioxane solution. Indeed, when the dioxane solution of nucleosides is perturbed by mixing with 50% isooctane in the reference cuvette, an increase in optical density at high wavelength was observed (data not shown).
At first sight, the solvent perturbation difference spectrum of guanosine seems rather different from its temperature perturbation difference spectrum. However, it ressembles the "unstacking" spectrum of GpG ( fig. 2) . It is therefore most probable that upon addition of water, guanosine residues tend to cluster into water rich regions, forming stacking aggregates. The special propensity of guanine derivatives for stacking interaction is a well known phenomenon (32).
Acid-base perturbation difference spectra
Since nucleic acid bases are ionizable molecules, their acid-base equilibrium may be shifted upon heating. The pH of the buffer used for these experiments (0.02 M potassium phos- Perturbation spectrum is recorded after mixing the contents of the 2 compartments of the reference cuvette at 20°C.
phate, pH 7.2) is not much affected by elevation of temperature (-0.0028 pH units/°C). It is well known however that the pKa's of the bases decrease significantly upon heating (27, (33) (34) (35) (36) (37) .
From the nucleosidespKa and AH values published (37), the expected shift in pKa between 25° and 2° and between 25°a nd 90° was computed (Table I) .
For base residues having only one ionization site, such as adenine and uracil, the contribution of the pKa shift upon heating to the thermal perturbation spectrum at pH 7.2 and temperature T can therefore be easily estimated. It should In the case of base residues having two ionization sites, such as guanine and cytosine, the situation is more complicated since basic pKas are more decreased upon heating than the acidic pKas. However, the acid pKa of cytidine (12.5) and the basic pKa of guanosine (1.9) are so far from neutrality that their shift upon heating should not affect the spectral properties of the solution at pH 7.2. They can thus be considered as bases having only one ionization site while estimating the contribution of their pKa shift upon heating to their thermal perturbation spectrum. J dt were recorded. These perturbation spectra were relatively insignificant (data not shown). Therefore the change in optical properties of mononucleotides upon heating cannot be imputed to the decrease in pKa of the bases.
Thermal perturbation difference spectra of modified bases or nucleosides In order to investigate the possible contribution from the shift in tautomeric equilibria to the thermal difference spectra of nucleosides, thermal perturbation difference spectra of selected bases or nucleosides carrying modifications hindering tautomerism were recorded. These thermal perturbation spectra ( fig. 6 ) are of the same order of magnitude as the thermal perturbation spectra of their parent compounds, suggesting that the shift in tautomeric equilibrium cannot be the sole contribution to the thermal difference spectrum, but here too changes in water solvatation are the main contribution.
In early publications (38-40) it has been postulated that a significant fraction of cytidine population in neutral solution exists in imino form and that the change in the U.V. spectrum of cytidine at high temperature may be due to a shift of its amino-imino -tautomeric equilibrium. More recent work (14) indicates that this suggestion is not valid and that cytidine exists predominantly in amino form.
This investigation of tautomerism by UV spectroscopy in general and by thermal perturbation spectra in particular is complicated by the fact that structural modifications nm Figure 6 -Thermal perturbation spectra of modified bases or nucleosides between 3 and 50°C, in 0.02 M potassium phosphate pH 7.2. Reference cuvette's temperature : 3°C Sample cuvette's temperature : solid line, 3°C broken line, 50°C
which block tautomeric sites also affect hydrogen bonding hydration sites. Such modifications affect many parameters simultaneously and cannot be resolved readily. More appropriate techniques such as Raman and I.R. should be used for this kind of study. These techniques failed up to now to detect any significant population of the imino tautomers of nucleosides in neutral solution (42 and references there in).
CONCLUSION
Significant modifications in the UV absorption spec-tra of mononucleotides upon heating in aqueous neutral buffer have been demonstrated in this study. Considerable reduction in interaction between water molecules and the base chromophore is proposed as the main factor contributing to these spectral changes. This reduction in solvent -solute interaction leads to major modifications of energy and intensity of electronic transitions.
This proposal was corroborated by comparison of these thermal perturbation spectra with the solvent perturbation spectra of the same compounds. Solvent perturbation of the nucleosidesin dioxane solution by small amounts of aqueous buffer revealed difference spectra similar to those observed upon thermal perturbation.
The possibility that elevation of temperature could alter the chemical equilibrium of the species in solution and thereby their spectral properties has been eliminated. The first concern was the change of the population of the neutral vs, the ionized species in solution, since it is known that elevation of the temperature decreases the pKa of the bases. Dissimilarities between the shape of the thermal perturbation spectra and the shape of the pH perturbation spectra clearly indicates that the slight shift of the amount of charged species cannot be the major reason for the thermal effect on spectra.
Similarly, modified nucleosides in which tautomerisra is blocked or hindered, were shown to have thermal perturbation difference spectra of the same order of magnitude as their parental compounds. This work and other evidence in the literature indicate that the shift in tautomeric equilibrium is very unlikely to be important in the thermal effect on spectra.
Changes in optical properties due to decrease of interaction with water molecules at high temperature were also demonstrated in dinucleoside monophosphates. These changes are found to be superimposed upon the well known hyperchromic effect due to unstacking of the base residues upon elevation of temperature. This was demonstrated by substracting the thermal perturbation spectrum of the monomers from that of the cor-r responding homodimers. Affine curves showing neat isosbestic points were then obtained. The superimposition of these two phenomena should be considered if the thermodynamic parameters of stacking equilibria of dinucleoside monophosphates are to be determined from their UV temperature melting profiles.
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